Introduction
In the early 1970's, our Cd concentrations ranging from 0.10 to 10.0 ,ug Cd/ml of nutrient solution. These experiments were also designed to indicate the minimum Cd concentration of the solution culture associated with a yield depression and visual symptoms of Cd injury. The results of the above experiments clearly showed that plants differed greatly with respect to being able to grow in the presence of Cd (Cd tolerance) and Cd accumulation characteristics. Table I contains a list of crop species tested under known levels of Cd in nutrient solution cultures, a ranking according to Cd tolerance as indicated by the nutrient culture level associated with a 25% reduction in growth [compared to yield of plants in the -Cd solutions (controls)], 'and corresponding leaf Cd values of plants showing a 25% yield reduction. Visual leaf injury symptoms consisted of chlorosis, similar to that due to Fe deficiency, and in some instances, leaf burn.
The influence of crop species is strongly reflected in response of test plants to Cd present in nutrient solutions. The lowest Cd concentration utilized as a treatment was excessive for three of the nine crop Table 2 . The addition of 10 Ag Cd/g soil curtailed yields 25% of sensitive crops such as spinach, soybean, and curlycress. Crops such as tomato, zucchini squash, cabbage, and swiss chard were able to grow normally at Cd addition rates up to 100 ,ug Cd/g. Rice under flood management showed no decrease in yield at any of the Cd treatment rates (-640 Ag Cd/g). There were also large differences in the Cd content of leaf and edible tis- sue associated with the plant species under test. The Cd content of edible tissue is of particular concern from a public health consideration because of the toxic nature of Cd to animals. Part of the experiments, testing tolerance of crops to Cd, included treatments with low additions of Cd to soil, simulating levels of Cd that conceivably could exist in agricultural soils treated with large amounts of sewage sludge. Table 6 . Liming reduces the toxicity of Cu, Ni, and Zn expressed relative to that for Cd. As example, Cd was 4.0 times more toxic than Zn in the unlimed soil and after liming, Cd becomes 7.1 times more toxic than Zn.
Although information pertaining to soil Cd-yield relationships is of interest, the likelihood of Cd attaining a phytotoxic concentration in agricultural soils is low. However, pollution of soils by Cd to levels permitting uptake and accumulation of Cd in food crops to concentrations rendering the food crop unsafe for consumption is a real possibility. Concentrations of 5 to 10 ,ug Cd/g soil are sufficiently high for a number of crop plants to accumulate excessive amounts of Cd (Tables 2 and 3 A quantitative relationship between the Cd content of wheat grain and addition rate of heavy metals was obtained through multiple regression analysis (Table 7) . These equations predict accurately grain Cd levels over the entire range of addition rates of heavy metals. Essentially all of the variation in grain Cd data is accounted for by the addition rate of Cd; however, inclusion of other metals leads to equations with slightly higher coefficients of multiple determination (R2). The R2 values for the best-fit equations were 0.99 and 0.98 for the unlimed and limed soil experiments, both being unusually high (note that the equations are log1O transformed). These equations also indicate a significant negative effect of Zn applications on Cd uptake by wheat grain. The interested reader is referred to the paper by Bingham et al. (5) for further details of interactive effects of heavy metals on wheat.
pH Effects on Cd Availability
In the experiment with wheat described earlier in this paper, adding lime to the acid soil raised the pH from 5.2 to 6.7. The Cd content of grain from plants cultivated on the limed soil was approximately 50Wo of that from plants in the unlimed soil. This decrease in Cd content of grain is ascribed to a pH effect rather than to a Ca2+ per se. Additional details pertaining to availability of Cd as influenced by changes in soil pH stem from a recent investigation reported by Mahler, Bingham, and Page (6) . The latter investigation consisted of amending four acid and four calcareous soils with sewage sludge (10 g sludge/kg soil) enriched with low to phytotoxic concentrations of CdSO,. The range of pH values for the acid soils was from 4.8 to 5.7; and for the calcareous soils, 7.4 to 7.8. These soils were cropped with romaine lettuce and swiss chard to have a biological measurement of soil Cd. In essence, the experiment was designed to compare Cd response Table 7 . Stepwise regression equations for Cd content of wheat grain in relation to addition rate of heavy metals to an acid soil + lime. Environmental Health Perspectives of two crop species under the influence of soil pH. Multiple regression analysis of yields of lettuce and chard in relation to various soil properties revealed that Cd addition rate, % organic carbon, % clay, and soil pH were the principal soil properties exerting an influence on Cd availability in the eight soils as reflected by shoot weights of indicator plants. The best-fit equations for yields were as follows:
Lettuce Soil pH is a dominant factor influencing the availability of Cd added to soil. Liming an acid soil from pH 5.2 to 6.7 was associated with marked reduction of Cd uptake and accumulation by wheat.
Comparison of Cd availability to lettuce and swiss chard grown on acid soils with that on calcareous soils also revealed less Cd uptake by plants under alkaline soil conditions. Speciation of Cd in soil solutions of the four acid and four calcareous soils examined indicates approximately 50% of the total Cd solubilized is free Cd2+; Cl, SO,, and fulvate-Cd species account for the remainder. Cd availability appears to be more closely related to the concentration of free Cd2+ in the soil solution than to that of Cd total or Cd complexes.
